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Abstract

Marine oil contamination remediation remains a worldwide challenge. Siphon action provides
a spontaneous, continuous, low-cost and green route for oil recovery. However, it is still limited
by the low oil recovery rate due to insufficient internal pathways for oil transport. In this paper,
a graphene petal foam (GPF)-based oil skimmer is designed and fabricated by plasma-
enhanced chemical vapor deposition (PECVD) for ultrafast self-pumping oil recovery from
oil/water mixtures. The hierarchical structure, containing micro- and nano-channels formed by
interconnected graphene networks and vertically aligned graphene petals (GPs), respectively,
and micro-pores inherited from the 3D interconnected structure of Ni foam, provides multiple
fast passages for oil transport. An oil recovery rate of 135.2 L m? h'! is achieved in dark
condition for such oil skimmers, while the value is increased to 318.8 L m2 h'! under a solar
irradiation of 1 kW m™ because of the excellent solar-heating effect of GPs. Quantitative
analyses suggest that 68.8% of such a high oil recovery rate is contributed by the nano-channels
and micro-pores, while 31.2% arises from the micro-channels. Our demonstrated GPF oil

skimmers exhibit great promise for fast spontaneous and continuous oil contamination cleanup.
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Along with the booming development of oil industry, oil spill and leakage accidents during
offshore oil production or marine transportation have resulted in tremendous economic losses
and significant damage to the marine environment'-3. Since the dissolution of oil in water as
well as spreading of oil slick strongly depends on time, rapid actions are required to separate
oil from the bulk water to avoid causing severe damage to the ecosystem once oil spills occur.
Physical absorption by porous materials with selective wettability (e.g., oleophilic and
hydrophobic surface properties) has become a promising method for oil spill cleanup*°. For
example, polydimethylsiloxane-modified graphene nanoribbon aerogels were developed to
extract oil from oil/water mixtures*. Compared to other conventional methods (e.g., in situ
combustion’ and bioremediation®), physical absorption provides a green route to clean up oil
spill without introducing secondary contaminations. Nevertheless, post-treatments such as
pumping or squeezing are generally required to recycle the absorbed oil® !, leading to
undesirable complex equipment costs, large energy consumption, and continuous human

intervention.

Recently, siphon effect, relying only on gravitational potential energy difference to
continuously transport liquids'!- 12, has been utilized for various applications such as irrigation,
oil recovery, and spillway!3-18. As compared to conventional pump-assisted oil contamination
cleanup methods'® 29, siphon action may provide a spontaneous, continuous, low-cost, and
green route with significantly reduced costs. However, low oil transport rate due to many
factors such as high viscosity of oil, and physical/chemical properties of channels restricts
further development of siphon-assisted oil recovery. To address the issue, light-absorbing

materials (e.g., carbon nanotubes?!, MXene??), which directly convert green solar energy to
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thermal energy (i.e., photothermal effect), have been widely employed to reduce oil viscosity
and thus enhance oil transport rate?!*, Combining siphon action with photothermal effect
provides an effective solution to improve the oil transport rate. In our prior work!’, a siphon-
based oil skimmer equipped with surface-controlled nanochannels was designed to achieve
self-pumping oil recovery with a recovery rate of 35.2 L m? h'! in dark condition, and the oil
recovery rate was increased to 123.3 L m™2 h”! when exposed to solar irradiation of 1 kW m™.
Despite of the enhanced oil recovery rate, the oil recovery process still remains significantly
slower compared to conventional techniques relying on electricity-assisted pumping (e.g., over
500 L m2 h1)?3, Therefore, there is clearly room to further improve the oil recovery rate before

the wide-spread adoption of novel siphon oil skimmer strategy for practical applications.

Fluid transport through siphon effect is largely dependent on the properties of the internal
channels such as their density and structures?® 27. Conventional oil recovery materials such as
melamine sponge?® 2% and graphene aerogels®® 3! mainly utilize their micro-sized pores for oil
transport and usually exhibit relatively low rates because of the insufficient number of internal
channels. Therefore, designing multiple transport pathways and rational channel structures are
required to achieve efficient siphon-assisted oil recovery. In our prior work, mechanically
robust graphene petal foams (GPF) with interconnected hollow internal channels exhibit
promising electrochemical performance due to the fast ionic transport properties in the
uniquely designed channels®?. The combination of micro-sized hollow channels and the unique
nano-sized structure of graphene petals (GPs) leads to a significantly increased surface area
and corresponding outstanding electrical performance. Inspired by the unique structural design,

fast oil transport in graphene channels may be achieved by adopting such a unique hierarchical

4
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structure with abundant micro- and nano-channels for multiple oil passages.

In this paper, we propose GPF oil skimmers with a uniquely designed hierarchical structure
containing micro- and nano-sized all-graphene channels for ultrafast spontaneous and
continuous oil recovery. As schematically illustrated in Figure la, free-standing GPF oil
skimmers in an inverted U-shape, consisting of vertically aligned GPs on the interconnected
three-dimensional (3D) graphene networks, are employed for siphon-assisted self-pumping oil
contamination cleanup. The nano-channels are formed by adjacent GPs grown vertically on the
Ni substrate through plasma-enhanced chemical vapor deposition (PECVD); and micro-
channels are formed by the hollow structure of the 3D graphene network, which is fabricated
by chemical etching of the Ni ligaments. Such hierarchical micro- and nano-sized all-graphene
channels can provide multiple pathways for efficient oil transport. Moreover, the oleophilic
and hydrophobic nature of graphene® 34 ensures selectively oil transport from oil/water
mixtures. Together with the reduced oil viscosity resulting from the outstanding solar-heating
effect of GPs*3-38, stable and efficient oil recovery rates up to 135.2 L m2 h-! and 318.8 L m
h'! are achieved in dark condition and under 1 sun of illumination (i.e., solar irradiance of 1
kW m2), respectively, exhibiting great potential in practical applications such as marine oil

contamination cleanup without the need of electrical power.
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Figure 1. (a) Schematic illustration of GPFs with hierarchical micro- and nano-channels for efficient solar-
enhanced oil recovery. (b) SEM image of the GPF oil skimmer. Insert shows an optical image of the GPF oil
skimmer. SEM images of (¢) micro-channels and (d) nano-channels in the GPF oil skimmer for oil transports.

(e) Absorption curves of the GPF oil skimmer within the solar spectrum under dry and wet states.

The GPF skimmers are prepared through a two-step process with details described in
Supplementary Materials. Briefly, GPs are firstly grown on the surface of compressed nickel
foams (Supplementary Figure S1) through PECVD. During the PECVD process, GPs with
widths ranging from approx. 100-500 nm are densely coated on Ni ligaments and perpendicular
to the Ni surface due to the influence of the plasma sheath near the substrate®®. The adjacent
vertically standing GPs on Ni ligaments can form nano-channels for oil transport. Subsequently,
Ni ligaments are etched by a facile chemical process??, leaving hollow micro-channels in free-
standing GPFs. Thus, the GPF skimmers with hierarchical micro- and nano-channels are
obtained to further enhance the transport pathways for ultrafast oil recovery. As shown in

Figure 1b, a typical GPF inherits the 3D interconnected structure of Ni ligaments and is highly
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flexible on a thin Teflon film (inset in Figure 1b). Oil recovery tests with only Teflon film as
an oil skimmer are also conducted for comparison. Results show that no oil is collected after
48 hours (Supplementary Figure S2), indicating that the Teflon substrate exerts no influence
on the oil recovery process. The GPF skimmer with an inverted U-shape contains micro-
channels with a diameter of several tens of microns (Figure 1¢) and nano-channels with a width
ranging from tens of nanometers to hundreds of nanometers (Figure 1d). Note that the vertically
standing GPs in GPFs show negligible structural changes during the etching of Ni foams
(Supplementary Figure S3), indicating the good chemical and mechanical stability of GPFs.
Moreover, the GPF skimmer exhibits high light absorption performance with an average
absorption of 90.0% in dry state and 94.8% when wetted by a mineral oil (Figure 1e), which
can be attributed to the light-trapped capability of the vertically aligned GPs (Supplementary
Figure S4)37-3%. As such, solar energy can be efficiently absorbed and transformed to heat by

GPFs, which could potentially benefit oil transport by reducing its viscosity.

An ideal skimmer for selective oil transport from oil/water mixtures requires an oleophilic and
hydrophobic feature of the channel materials!’. GPFs are composed of 3D graphene structures
which are naturally hydrophobic and oleophilic®® 3*. As shown in Figures 2a and 2b, oil
droplets can wet the GPF oil skimmer rapidly, while water droplets can stay on the surface of
the oil skimmer with a contact angle of 123.6°. The GPF oil skimmers can be treated to be
more hydrophobic through thermal reduction, with the water contact angle increased from
123.6° to 138.2° (Supplementary Figure S5a). Nonetheless, the performance of oil recovery
barely changes before and after the thermal reduction (Supplementary Figure S5b). Therefore,

we believe that the GPF oil skimmers without thermal reduction are sufficient to realize

7
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effective oil recovery. We further characterize the capillary rise (%) of the mineral oil against
gravity as a function of time in GPF oil skimmers and compare the results with those of control
samples (i.e., GPs grown on Ni foams in which Ni ligaments are unetched, denoted as GPs/Ni),
as shown in Figure 2c. Supplementary Figure S6 shows the experimental setup, in which two
10-cm-height GPF and GPs/Ni samples are placed vertically, with one end immersed into
mineral oil and the other end fixed on a stand. The recorded data of capillary rises as a function
of time are fitted by Lucas-Washburn equation, which is widely used to describe capillary rise
behavior of liquids*> #!. The GPF skimmer exhibits excellent oil-transport capability with an
oil capillary rise of 5 cm in 12 min because of the capillary forces arising from the micro- and
nano-channels. In contrast, it takes 30 min for oil to rise 5 cm in the GPs/Ni oil skimmer where

only nano-channels contribute to the capillary rise.
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Figure 2. (a) Oil contact angle and (b) Water contact angle measurements of the GPF skimmer. (c) Capillary

rises of the mineral oil against gravity as a function of time in GPF and GPs/Ni oil skimmers.

Figure 3a exhibits a schematic of the experimental setup, containing two chambers separated

by a wall, for testing oil recovery. A mineral oil/water mixture with a volume ratio of 1:1 is

8
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1 added to the left chamber to mimic the floating oil spilled on water, while the right chamber is
2 employed to collect and measure the content of the recovered oil transported from the left one.
3 The two chambers are connected by an inverted U-shape GPF or GPs/Ni oil skimmer, with the
4 height difference between the upper surfaces of oil in the left and right chambers (4H, indicated
5  in Figure 3a) fixed at 40 mm. The oil recovery tests are conducted both in dark condition and
6  under 1 sun of solar illumination. When exposed to the simulated sunlight, both chambers are
7  covered to ensure that only the top surface of oil skimmers are illuminated. As shown in Figure
8  3b, the volume of recovered oil by the GPF and GPs/Ni oil skimmers within 24 h are measured
9 by recording the processes using a digital camera (Supplementary Videos S1-2). Figures 3d-f
10  present snapshots of oil recovery processes by the GPF skimmers under 1 sun of solar
11 illumination and under dark condition, and by the GPs/Ni oil skimmers under 1 sun of solar
12 illumination. The GPF skimmer exhibits efficient oil transport performance with an average
13 oil recovery rate of 135.2 L m2 h™! in dark condition and 318.8 L m~2 h~! under 1 sun of solar
14 illumination. The approximately 2.5-fold enhancement in oil transport rate of the GPF skimmer
15 under solar illumination can be primarily attributed to the decreased oil viscosity under solar
16  irradiation. Figure 3¢ shows the surface temperature evolution of the GPF oil skimmer under 1
17 sun of solar illumination. Due to the outstanding solar absorption properties of GPs, the
18  temperature of the top GPF surface rises quickly from ambient temperature (i.e., 25°C) to 53.2°C
19 within 5 min, and then reaches a stable value of approx. 56.2°C after 30 min. The increasing
20  surface temperature under solar irradiation leads to a decrease in oil viscosity, thereby
21  significantly enhancing the oil recovery rate (Figure 3b). The GPF oil skimmer exhibits

22 significant improvement of oil transport performance compared to our prior work!” (i.e.,

9
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approximately 4-fold and 2.6-fold enhancements in dark condition and under 1 sun of solar
illumination, respectively). A comparison of oil recovery rate between our work and other

external power-driven oil recovery devices is shown in Supplementary Table S1.
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Figure 3. (a) Schematic illustration of the oil recovery setup. The blue color represents water. The red color
represents mineral oil. Oil transports from the oil/water mixture in the left chamber to the right chamber
through an inverted U-shape oil skimmer. AH represents the height difference between the upper surfaces of
oil in the left and right chambers. (b) The volume evolutions of recovered oil by GPF and GPs/Ni under
different conditions. (c) IR images exhibiting the surface temperature change of GPF working at 1 sun. (d)
Optical images showing the oil recovery process by GPF at 1 sun. (e) Optical images showing the oil
recovery process by GPF in dark condition. (f) Optical images showing the oil recovery process by GPs/Ni

at 1 sun.
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The hierarchical structure of the GPF skimmer provides three types of passages for oil transport:
nano-channels formed by GPs, micro-channels formed by the etching of Ni ligaments, and
micro-pores inherited from the 3D interconnected structure of Ni foam. The contribution of the
hollow micro-channels in GPF skimmers can be evaluated by comparing the oil transport rates

in GPF and GPs/Ni oil skimmers under 1 sun of solar illumination:

AV gpr — AV gps/ni )

where AV gpr and AV gpyn; represent the volumes of transported oil during a period 4t through
the GPF and GPs/Ni oil skimmers under 1 sun, respectively. S represents the cross-sectional
area of the GPF oil skimmer which is 10 mm x 0.06 mm (Supplementary Figure S7). From
Equation 1, the oil transport rate contributed by micro-channels in the GPF oil skimmers is
calculated to be 99.5 L m2 h! (corresponding to 31.2% of the total oil transport rate). The rest
part of the oil transport rate (219.3 L m™2 h!, corresponding to 68.8% of the total oil transport
rate) can be attributed to contributions from the nano-channels and micro-pores. In our prior
work, we showed that the morphology of GPs could be controlled by changing the growth time
during the PECVD process*?. To investigate the effect of nano-channels on the oil recovery
process, GPF skimmers with different nano-channel structures are fabricated by setting the
growth time of GPs as 40, 80 and 120 min. SEM images in Supplementary Figure S8 show that
the GPs are grown more densely as the growth time increases, providing more nano-channels
with smaller channel widths for oil transport. The covered areas by GPs are also measured by
an open-source software (ImagelJ), and the result shows that GPs are covering 16.6%, 24.1%,

and 33.0% of the surface of micro-channels as the PECVD growth durations are 40, 80, and

11
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120 min, respectively. According to the Laplace-Young equation, a liquid inside a channel is
subjected to capillary force (F,):*!

F.=AXAP.=A X 20cos0/r (2)
where A is assumed to be the projected cross-sectional area of the transport channel, AP, is
capillary pressure, o represents the liquid surface tension, & is the liquid-solid contact angle,
and r is the effective pore radius of the transporting channel. The capillary force on the liquid
increases as the channel size decreases. Consequently, higher oil recovery rates are achieved
in the oil skimmers with a longer growth time of GPs. As shown in Figure 4a, when the PECVD
growth time increases from 40 to 80 and 120 min, the average oil transport rate of the GPF
skimmers increases from 239.8 to 281.2 and 318.8 L m™ h™! under 1 sun and increases from
106.4 to 118.8 and 135.2 L m2 h! in dark condition, respectively. We observe that further
decreasing the growth time (e.g., shorter than 40 min) of GPs leads to severe deterioration in
the mechanical properties, and structural collapses occur when the GP growth time is
excessively short. Therefore, quantitatively determining the contributions from the nano-

channels and micro-pores seems rather difficult.

Since siphon action is driven by the change of gravitational potential energy'?, the height
difference between the upper surfaces of oil in the left and right chambers (i.e., 4H) largely
affects the oil recovery rate according to the Bernoulli’s relation'? 7. In this case, the effect of
AH on the oil recovery performance of GPF oil skimmers under dark condition and 1 sun of
illumination is investigated. As shown in Figure 4b, higher AH provides larger gravitational
potential energy differences (i.e., larger driving forces) for oil transport, leading to faster oil

recovery both under dark condition and at 1 sun. In addition, the intensity of solar irradiation

12
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varies in practical applications. Therefore, systematical evaluation of the oil recovery
performance of the GPF skimmer under different solar irradiation intensities is highly
warranted. Thermal images of the GPF skimmer during oil recovery tests under different solar
irradiation intensities are recorded after solar illuminations for 30 min, as shown in Figure 4c.
The surface temperature of the GPF skimmer is promoted notably when the solar irradiation
intensity increases. Figure 4d shows that the viscosity of oil decreases rapidly as the
temperature increases. For example, the surface temperature of the GPF skimmer rises from
room temperature (i.e., 25°C) to 56°C when exposed to 1 sun of solar illumination, leading to a
reduction of 69.3% of the oil viscosity and thus a higher oil recovery rate. As shown in Figure
4e, the GPF oil skimmer exhibits average oil recovery rates of 135.2, 188.9, 244.9, 318.8, and

3674 L m2h'at0.2,0.6, 1, and 2 suns of solar illumination, respectively.

13
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Figure 4. (a) Average oil transport rates of the GPF oil skimmers with different growth durations of GPs. (b)
Comparison of the average oil transport rates of the GPF oil skimmer under different AH. (c) IR images
exhibiting the surface temperatures of GPF oil skimmer working at 0.2, 0.6, 1, and 2 suns of illumination for
30 min. (d) Viscosities of the mineral oil as a function of temperature. (¢) Volume evolutions of recovered
oil by GPF skimmers under different solar irradiation intensities. (f) Cyclic stability of the GPF skimmer.

Tests are conducted under 1 sun with AH = 40 mm.

In addition, cyclic stability of oil skimmers is another key factor that determines their overall

performance in practical applications. We conduct a 10-cycle test (corresponding to 240 h in

14

Page 14 of 20



Page 15 of 20

10

11

12

13

14

15

16

17

18

19

20

21

22

Journal of Materials Chemistry A

total) on the oil recovery rate of the GPF oil skimmer under 1 sun, as shown in Figure 4f. The
oil recovery performance exhibits no noticeable degradation during the 240-h test, with the
recovery rate remains relatively stable between 300 and 330 L m2 h™!, indicating the excellent
long-term cyclic stability of the GPF oil skimmer. Oil recovery tests based on another type of
oil (denoted as type 2 oil) with much higher viscosities are conducted on the GPF skimmer
(Supplementary Figure S9). Results show that the type 2 oil can also be recovered
spontaneously and continuously by the oil skimmer. An average oil recovery rate of 72.8 L m~
h! is achieved in dark condition, which can be further promoted to 168.0 L m™2 h™! under 1
sun of solar illumination, indicating that the photothermal effect is also beneficial for
improving the oil transport performance of type 2 oil. Therefore, our proposed GPF oil

skimmers are capable to recover oil with a wide viscosity range.

In summary, ultrafast spontaneous and continuous oil recovery from oil/water mixtures is
achieved by the unique design of inverted U-shape GPF oil skimmers containing hierarchical
micro- and nano-channels. Because of the oleophilic and hydrophobic nature of graphene, GPF
oil skimmers show selective oil transport from oil/water mixtures. A typical GPF oil skimmer
exhibits a high oil recovery rate of 318.8 L m2 h-! under a solar irradiation of 1 kW m=, which
is 2.5-fold enhancement as compared to that (135.2 L m h!) in the dark condition because of
the solar-heating effect of GPs. The contributions from the hierarchical micro- and nano-
channels in the GPF skimmer are quantitatively analyzed by comparing the oil recovery
performance of the GPF with GPs/Ni oil skimmers. The results show that 68.8% of the oil
recovery rate is contributed by the nano-channels and the micro-pores inherited from the 3D

interconnected structure of Ni foam, while 31.2% is contributed by the micro-channels.
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Moreover, the GPF oil skimmer exhibits long-term cyclic stability during a 240-h oil recovery
test. This work provides a novel strategy by combining the hierarchical micro- and nano-
channels to achieve fast oil transport without any external power input or assistance of
complicated devices, which can also be applied in separation of other liquid mixtures (e.g.,
water and other organic liquids). Further optimization of the growth conditions of GPs and
geometric parameters of Ni substrates can possibly further enhance the oil recovery rate of GPF
oil skimmers that is comparable or even than those of conventional pumping-based oil

skimmers.

Supporting information

1. Detailed information on materials, synthesis and characterization of GPF and GPs/Ni;
morphology of the compressed Ni foam; morphology of GPs before and after etching the
Ni substrate; schematic illustrating the light-trapped capability of GPs; thickness of the
GPF oil skimmer; comparison between the GPF oil skimmer and previous oil recovery

devices.
2. Accelerated (5000%) video of oil recovery by GPF under 1 sun
3. Accelerated (5000x%) video of oil recovery by GPs/Ni under 1 sun

4. Accelerated (100x) video of capillary rise of the mineral oil against gravity on GPF

skimmer

5. Accelerated (100x) video of capillary rise of the mineral oil against gravity on GPs/Ni

skimmer
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